We examined light curves of 1138 stars brighter than 18.0 mag in the I band and less than a mean magnitude error of 0.1 mag in the V band from the OGLE-III eclipsing binary catalogue, and found 90 new binary systems exhibiting apsidal motion. In this study, the samples of apsidal motion stars in the SMC were increased by a factor of about 3 than previously known. In order to determine the period of the apsidal motion for the binaries, we analysed in detail both the light curves and eclipse timings using the MACHO and OGLE photometric database. For the eclipse timing diagrams of the systems, new times of minimum light were derived from the full light curve combined at intervals of one year from the survey data. The new 90 binaries have apsidal motion periods in the range of 12−897 years. An additional short-term oscillation was detected in four systems (OGLE-SMC-ECL-1634, 1947, 3035, and 4946), which most likely arises from the existence of a third body orbiting each eclipsing binary. Since the systems presented here are based on homogeneous data and have been analysed in the same way, they are suitable for further statistical analysis.
INTRODUCTION
The investigation of apsidal motions in eccentric eclipsing binaries (EBs) is very important because it provides valuable information on the internal structure of the stars. Apsidal motion is caused by the fact that binary components are not point masses, and its magnitude strongly depends on how centrally condensed the stars are. The period of the apsidal motion can be determined by the detailed analyses of both light curves and eclipse timings. Detached, double-lined EBs with an apsidal motion provide an accurate and direct determination of fundamental stellar properties such as mass, radius, and luminosity (Hilditch 2001) . We can compute the internal structure constants (k2) from the apsidal periods and absolute dimensions of EBs. These values then allow us to test stellar structure and evolution models and to calculate the distance to the systems (Torres et al. 2010) .
The study of massive and metal-deficient stars in the Magellanic Clouds (MCs) can test theoretical models for different abundances, and the large samples of the extragalactic binaries provides clues about the structure and evolution of massive stars with low metallicity (Zasche et al. 2014 , Ribas 2004 . In particular, the binary systems exhibiting apsidal motions provide useful information on the interior structures of the massive stars. Recent large surveys such as MAssive Compact Halo Objects (MACHO; Faccioli et al. 2007 ) and Optical Gravitational Lensing Experiment (OGLE; Graczyk et al. 2011 , Pawlak et al. 2013 ) have discovered tens of thousands of new EBs in the MCs, many of which have been found to be in eccentric orbits. Faccioli et al. (2007) presented 4634 and 1509 EBs in the Large Magellanic Cloud (LMC) and the Small Magellanic Cloud (SMC), respectively, from the MACHO survey. Wyrzykowski et al. (2003, 2004 ) published V and I photometry for 2580 and 1351 EBs in the LMC and the SMC, respectively, from the OGLE-II survey. The EB catalogues from the OGLE-III survey identified 26121 and 6138 binary systems for the LMC (Graczyk et al. 2011) and SMC (Pawlak et al. 2013) , respectively. The large samples of about 32000 EBs from the OGLE-III can, therefore, provide us with many candidates showing apsidal motion.
The apsidal motion binaries have increased in number in recent times (Michalska & Pigulski 2005 , Michalska 2007 , Zasche & Wolf 2013 , Hong et al. 2014 , and Zasche et al. 2015 for the LMC, and Graczyk 2003 , North et al. 2010 , Zasche et al. 2014 and Hong et al. (2015 for the SMC). However periods of apsidal motion have only been estimated for 21 and 42 EBs in the LMC and the SMC, respectively. The numbers of apsidal binaries in the MCs are still limited for statistical studies. This paper is the third contribution in a series of apsidal motion studies for binary systems in the MCs (Hong et al. 2014 (Hong et al. , 2015 .
The main aim of this paper is to provide the orbital parameters and accurate apsidal motion elements of 90 eccentric binary stars in the SMC using homogeneous data and consistent analysis methods. Section 2 presents the selection method of objects with the large photometric survey data of MACHO and OGLE. In Section 3, we describe the analysis method of light curves. The apsidal motion elements are calculated from the light curves and eclipse timings in Section 4. Finally, Section 5 presents a summary and discussion of this work.
SELECTION OF OBJECTS
During the past 20 years, gravitational lensing surveys have obtained photometric observations for thousands of EBs in the SMC. In this paper, we used data from MACHO (1992 MACHO ( -1999 Faccioli et al. 2007) , OGLE-II (1997 -2000 Wyrzykowski et al. 2004) and OGLE-III (2001 -2009 Pawlak et al. 2013 ). The MACHO observations were obtained in blue (VM ; 440 − 590 nm) and red (RM ; 590 − 780 nm) bands, corresponding roughly to the Johnson V and Cousins R, respectively. The MACHO survey used the 1.27-m Great Melbourne Telescope at Mount Stromlo in Australia. The OGLE-II and OGLE-III observations covered 2.4 and 14 square degrees, respectively, in the SMC using the 1.3-m Warsaw Telescope in the V and I bands (Udalski et al. 1997 , Szymański 2005 , Udalski et al. 2008 . The OGLE-III EB database given by Pawlak et al. (2013) was the primary source of the main selection process. The OGLE data based on Difference Image Analysis (DIA) showed considerably smaller scatter than the MACHO data.
First of all, we extracted 1138 binaries among the 6138 EBs in the SMC, with the selection criterion that the binaries are brighter than 18.0 mag in the I band and have magnitude errors within 0.1 mag in the V band for the spectroscopic observations using 8-m class telescopes (cf. North et al. 2010) . In order to find the apsidal motion binaries, we examined the I band light curves of these systems obtained from OGLE-III observations using the iteration method applied in the papers of Kang et al. (2012) and Hong et al. (2014 Hong et al. ( , 2015 . The iteration method is a modification of the Wilson & Devinney (WD) differential correction code (Wilson & Devinney 1971, hereafter WD) used to treat large numbers of light curves of EBs.
For this procedure, the initial surface temperatures of the selected 1138 EBs were assumed to be 15000 K. In the first step, we adjusted the following parameters: the temperature of the secondary component (T2), the surface potentials (Ω1,2), the orbital inclination (i), the eccentricity (e), the longitude of periastron (ω), the epoch (T0), the orbital period (P ) and the luminosity of the primary star (L1). After the analyses, we excluded the binary systems in circular orbits of e = 0. Then we included the rate of periastron advance (ω = dω/dt) as a free parameter. The WD runs were repeated until the correction of each parameter became smaller than its standard deviation. We determined preliminary apsidal periods for the systems withω above 0.0 through the method used in Sections 3 and 4. Among these, dozens of EBs have uncertainties larger than their apsidal periods and orbital eccentricities because of the lack of and large scatter of observations. Therefore, we do not included these binaries in subsequent analyses. Finally, we found 90 binary systems exhibiting apsidal motion, excepting to the 36 EBs studied previously by Zasche et al. (2014) and Hong et al. (2015) . The basic information for these stars is listed in Table 1 , in which the coordinates, I, V and V − I are taken from the OGLE-III of Pawlak et al. (2013) . The colour-magnitude diagram of the selected 90 binaries in the SMC is displayed with the well-studied eclipsing binaries with the apsidal motions in Figure 1 .
LIGHT CURVE SYNTHESIS
For photometric solutions, VM RM V I light curves of the 90 EBs were taken from both the MACHO and OGLE-III survey data obtained across 1992-1999 and 2002-2009, respectively . The light curves were analysed in a manner identical to the papers of Hong et al (2014 Hong et al ( , 2015 by using the 2005 version of the WD code. The initial mass ratios for all selected systems were set to be q = M2/M1 = 1.0, because it is difficult to determine a reliable q value from the light-curve analyses of detached EBs (Wyithe & Wilson 2001 , Terrell & Wilson 2005 . We computed the new mass ratio of the 90 EBs from the preliminary photometric solutions and the relation between the mass ratio and the luminosity applied in the papers by Graczyk (2003) and Zasche et al. (2015) . In order to obtain the photometric mass ratio, we used the approach as presented below.
1. At the beginning, all light curves for each EB were analysed using q = 1.0, which resulted in a temperature ratio, and fractional radii (r1 and r2).
2. The q − L relation is given by q = 10 (logL 2 −logL 1 )/3.664 . For this approach, the luminosities of the selected systems were required. In order to estimate the absolute dimensions for each binary component, we derived the semi-major-axis (a) from the following equation (Graczyk 2003 , Hong et al. 2014 ): a = Luminosity of the binary system 4πσ(r
where, Lsystem is the total luminosity of a binary system and can be derived by the bolometric magnitude (M bol,system ) of the system. The fractional radii (r1 and r2) and temperature ratio (T2/T1) of the primary and secondary components were obtained from the light curve solutions. The temperatures of the systems were estimated from the intrinsic colour index (V − I)0 = (V − I) obs − E(V − I) using the relation between the colour index and temperature by Worthey & Lee (2011) . The absolute dimensions were determined with the semi-major-axis and assuming a mean distance modulus (DM) of the SMC of V − MV = 19.11 (North et al. 2010) and that the stars follow the mass-luminosity relation (M − L) for the SMC (log L = 3.664 log M + 0.380, Graczyk 2003) . If the EBs in the SMC are slightly evolved stars, the uncertainties of their absolute dimensions are increased. From this, the satisfied colour excess E(V − I) in the assumptions was obtained. The method allows the obtainment of an independent reddening and a reasonable (V − I)0 intrinsic colour in the direction of the binary system (see e.q. Graczyk 2003) . Note the mean distance modulus of the SMC has systematic uncertainties by the line of sight depth (4.90 ± 1.23 kpc) for the SMC central bar region by Subramanian & Subramaniam (2009) . The new photometric mass ratio was then estimated using the relation between the mass ratios and luminosities of both components.
These processes were repeated three to five times for each EB until all the conditions (light curve solutions, M − L, DM and the relation between mass ratios and luminosities) had been satisfied. In each WD run, the initial values of the parameters were adopted from the photometric solutions with the new mass ratio derived from the previous stage. The logarithmic bolometric (X1,2) and monochromatic (x1,2) limb-darkening coefficients were interpolated from the values in van Hamme (1993) . The gravity darkening exponents and the bolometric albedos were fixed at the standard values of g1 = g2 = 1.0 and A1 = A2 = 1.0 for stars with radiative envelopes from their temperatures. We used mode 2 (detached system) and the standard deviation (χ 2 ) between observations and theoretical modes were calculated to measure the goodness of each model. The final model was the one with the lowest χ 2 value.
We searched for the possible presence of a third light (l3) in the light curves of all selected systems using the differences of χ 2 between the third light and the non-third light models. The final results are listed in Table 2 and Table C1 (only light ratios are listed), where the uncertainty of each parameter was calculated by means of the Differential Corrections subroutine in the WD code. Note that the parameter errors in the WD code are estimated from the covariance matrix evaluated around a best-fitting model. It should also be noted that the error estimates are unrealistically small due to the strong correlations between the relatively numerous parameters. The third lights could come from a tertiary star physically bound to or only optically related with each EB. The VM RM V I observations and the model light curves for the 90 EBs are plotted in Figure  2 and Appendix A as normalised lights versus orbital phases. As one can see, the eclipses of the primary and secondary in the MACHO data have moved to the phase decreasing or increasing direction in the OGLE data due to apsidal motion. The resulting absolute dimensions with the colour excess are listed in Table D1 .
APSIDAL MOTION ANALYSIS
The periods of the apsidal motions were obtained from the detailed analyses of both light curves and eclipse timings. The apsidal periods (U ) from the former were calculated from the rate of periastron advance (ω = 2π/U ) in VM RM V I light curve solutions. For the eclipse timing analysis, the times of minimum light were derived from the full light curve formed from the observation points at an interval of 1 year because the surveys provided only two to five data points per night for an observing field. Each light curve from the MACHO, OGLE-II, and OGLE-III observations was analysed using the iteration method with the photometric solutions in Table 2 . In total, 2224 eclipse times were obtained from the light curves, and the eclipse timing method is the same as that described by Hong et al. (2014 Hong et al. ( , 2015 . The apsidal motion can be described as having five apsidal elements: zero epoch (T0), sidereal period (Ps), anomalistic period (Pa), rate of periastron advance in degree per cycle (ω), and eccentricity (e). The apsidal motion elements of the selected systems were derived from the ephemeris-curve equation presented by Giménez & Bastero (1995) . All individual minimum times are provided in Table 3 , and the O-C eclipse timing diagrams with respect to the apsidal motion equation are plotted in Figure 3 and Appendix B. The resulting elements of apsidal motions and their errors are given in Table 4 . As shown in the eclipse timing diagrams, the apsidal motions of OGLE-SMC-ECL-1634, 1947, 3035, and 4946 could not describe their minimum times satisfactorily and the residuals in the lower panel indicate the existence of an additional short-term oscillation. Thus, we fitted the timing residuals to a sine curve, C = Ksin(ΩE + Ω0). The Levenberg-Marquardt method (Press et al. 1992 ) was applied to solve the three parameters of the ephemeris given in Table 5 , together with related quantities. The results are shown in the middle panels of Figure 4 . The top panels indicate the combination effect of the apsidal motion and the oscillation for each system, and the bottom panels represent the residuals from the ephemeris. As can be seen in this figure, the entire collection of timings can be better fitted by a beat effect of the two effects. The sinusoidal variation of the eclipse timings could be produced by one of two causes: a light-travel-time effect due to a third body (Irwin 1952 (Irwin , 1959 or a magnetic activity cycle of one or both of the component stars (Applegate 1992 , Lanza et al. 1998 ). However, the magnetic mechanism never displays a pattern of alternating period decreases and increases for systems with the spectral type earlier than about F5. This implies that the oscillations in the eclipsing timings may originate from the presence of a third object physically bound to the close binaries. Furthermore, our light-curve synthesis detected the significant contribution of the third light in these systems. These systems may be triple stars. In Table 5 , P3 and a12sini3 are the cycle length and semi-major axis of the eclipsing pair around the mass centre of the triple systems, respectively, and f(M3) is the mass function of the third body.
SUMMARY AND DISCUSSION
We found 90 previously unknown EBs showing apsidal motions from 6138 binary systems brighter than I = 18 mag and more precise than 0.1 mag in OGLE-III survey data of the SMC. Their photometric solutions and elements of the apsidal motions were derived for the first time. An additional short-term oscillation was detected for five systems (OGLE-SMC-ECL-1634 , 1947 , and 5382) which makes a considerable contribution to the third light in our light curve synthesis. The period modulations may be interpreted as a light-travel-time effect due to a circumbinary object gravitationally bound to the systems. Including our results, the number of systems with apsidal motions in the SMC has significantly increased than previously known. All of the selected EBs were modelled by using the homogeneous data and the same analysis method and they can be used for a statistical study of the stars in the SMC, as well as for testing the theoretical models of stellar structure and evolution in the low-metallicity environment. The histogram of the apsidal periods of the 126 SMC EBs is presented in Figure 5 , together with those of 88 detached binaries of our Galaxy in Table E1 for comparison. As shown in the figure, all EBs in the SMC have apsidal periods in the range of 1.0 < log U < 3.0 because of the selection effect from their short-term observations with a time span of about 20 years.
From the OGLE LMC data, Mazeh et al. (2008) suggested that the apsidal motion periods should depend mostly on the binary period. In order to examine this possibility in the SMC, we plotted the apsidal periods versus the orbital periods with the known 100 EBs in Figure 6 . Their physical parameters are listed in Table E1 . In Figure 6 , we have plotted the predicted values of the apsidal motion periods against the orbital periods for the eccentricities of 0.001, 0.3 and 0.5, having two masses of 1.4 and 1.8 M . The apsidal motion rate (ω =ωN +ωR) for the six cases was calculated using the equations (3) and (11) given in the paper of Giménez (1985) . The mass ratios were assumed to be q = m2/m1 = 1.0 for these calculations. We can see that the apsidal period indicates a linear dependence on the binary orbital period. The massive binaries in the SMC and LMC are placed between the intermediate and high mass stars. However, there are slight trend differences between the EBs of SMC and our Galaxy. It is possible that the differences may come from the separate age and metallicity between them. In order to understand the difference, we need to determine the accurate physical properties for the SMC EBs, as well as to find a large number of long-period EBs (P > 6 d) that exhibit apsidal motions. Figure 7 shows the eccentricities of the 126 EBs in the SMC as a function of their orbital periods. The dashed curve was obtained with the equation Mazeh et al. (2008) , where P denotes the orbital period and the other parameters are E = 0.98, A = 3.25, B = 6.3 and C = 0.23. In this figure, we can see that all binaries exhibiting apsidal motions in the SMC have their eccentricities below the curve, while there are no eccentric EBs with orbital periods shorter than about 1 d. This implies that short-period EBs are in circular orbits, and the cause of their absence may be the result of tidal circularisation, which is substantially weaker in longer period binaries. The 126 EBs with a binary period less than about 7 d in the SMC also support the suggestion of Mazeh et al. (2008) . Because no spectroscopy has been conducted for almost all of the EBs with apsidal motion in the SMC, spectroscopic observations are required for more detailed statistical studies of the various physical parameters.
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